This study was conducted to measure the impact of a municipal solid waste landfill on groundwater quality around Njelianparamba, a solid waste dumping site in Kozhikode district, Kerala state, India. One of the major problems associated with dumping of municipal solid waste landfill is the release of leachate and its impact on surrounding groundwater. In this study, physico-chemical and bacteriological parameters of groundwater samples collected from the region surrounding the leachate area during the pre-and post-monsoon seasons were analysed. The majority of the groundwater samples contained contaminants at a level beyond the permissible limit set by the Bureau of Indian Standards for drinking water quality. The Geographic Information System software of the Environmental Systems Research Institute, (USA) ArcMap 10.1 was used to prepare spatial distribution maps of different parameters and Leachate Pollution Index and Water Quality Index in the study area were applied to assess the overall quality of groundwater. Characterisation of leachate and groundwater samples revealed that, water in the domestic wells has been deteriorated in response to the percolation of leachate. Additionally spatial and correlation analysis revealed that contamination was present maximum within 300 m radius around the landfill site.
Materials and Methods

Study Area
Njelianparamba, a solid waste dumping site of Kozhikode City, India is situated 9 km from the city. An average of 200 tonnes of waste per day is dumped in to 18 hectare area. The dumping site is located at 11˚13′30″N to 11˚11'N and 75˚48′E to 75˚50′30″E. The area is one of the primary industrial areas of the Kozhikode district. A number of small, medium and large industrial units on clay, agro-forestry, chemical and metals are located in and around the site. The height of the dump is about 3 to 4 m above ground level and average of 60 -80 tonnes of organic waste (vegetable, meat and fish waste) from markets and households are deposited in to the dump daily. The landfill originally accepted only non-hazardous solid wastes but now receives both degradable and non-degradable waste including hazardous waste. Organic solid wastes are treated at the waste treatment plant at Njelianparamba. However, there is no leachate treatment facility in the dump yard. The leachate from the plant and trench yard is collected in a pond on the north east side of the plant.
The study area is characterized by a humid tropical climate with high rainfall. The climate is divided in to four seasons-summer, south west tropical monsoon period (SW), north east tropical monsoon period (NE) and winter. The SW and NE monsoons are responsible for 82.77% of the total rainfall in the area. June to November is the rainy season in the study area (monsoon season) during which time about 70% of the rainfall is contributed by the SW monsoon. The average annual rainfall recorded in the area during the study period is 2777 mm [12] . The mean maximum temperature is 31.67˚C and the minimum is 22.97˚C. The relative humidity ranges from 74% to 92% during morning hours and 64% to 89% in evening hours. Physiographically the area lies in the middle portions of the Kozhikode district with an elevation ranging from 15 to 50 m above the mean sea level. 
Hydrogeology
The geological formations of Njelianparamba primarily consist of porous laterite and forms potential phreatic aquifers; it comes under the midland terrain of Kozhikode district [13] . Lateritic soil is derived from laterite under a tropical climate with alternating wet and dry conditions. The soil is reddish in colour, moderately permeable with an infiltration rate that enables absorption of most of the rain. The pH of the soil ranges from 5.5 to 6.5 and the texture is sandy loam. Groundwater occurs under phreatic conditions in weathered crystalline rocks and under confined to semi-confined conditions in deeper crystalline formations. Dug wells are the principle water supply for drinking and other purposes in the study area. The average groundwater level during the pre-monsoon period is 2 to 16 mbgl (metres below ground level), whereas the water table level in post-monsoon is 0.38 to 9 mbgl. The effects of leachate percolation are observed in many nearby dug wells in the form of a brown oily appearance and unpleasant foul smell.
Sampling and Analysis
The sampling and analysis of a leachate sample and 18 groundwater samples were conducted during November 2013 (post-monsoon) and May 2014 (pre-monsoon). A random sampling method was used to collect groundwater samples within a 0.5 km radius of the landfill site and examine its impact on the groundwater quality. The samples were collected only from eastern side of the solid waste treatment plant; no well was identified in the western side of the plant. Pre-cleaned polyethylene bottle (1 L) were used to collect the leachate samples from the drains of the dumping site and groundwater samples from wells around the landfill site. The pH, electrical conductivity and dissolved solids were recorded on site at the time of sampling with a multi-parameter PCSTestr35. To analyze biological oxygen demand (BOD), samples were collected in 300 ml BOD bottles and dissolved oxygen was fixed onsite (Modified Winkler's method). The total hardness, Ca 2+ , Mg
2+
, Cl − and total alkalinity were analyzed by titrimetric methods [14] . The Na + and K + concentrations were determined by the Flame Photometric Method while 2 4 SO − , 2 4 PO − and 2 3 NO − were analyzed by UV-VIS Spectrophotometer (Thermo Evolution, USA). The chemical oxygen demand (COD) was measured by open reflux digestion method and BOD was estimated by Azide modification of the Winkler method. For heavy metal analyses (Fe, Zn, Ni, Cu, Pb and Cd), samples were separately collected in to a pre-washed polyethylene containers (100 mL) and acidified onsite to avoid precipitation of metals, after which they were analyzed using Thermo M5 Series Atomic Absorption Spectrophotometer. The bacteriological analysis (total coliform, faecal coliform and E. coli) was conducted by the Multiple Tube Dilution technique. All chemicals used in this study were of analytical reagent grade and glassware used for analysis was washed with acid solution followed by distilled water. To ensure standard quality control/quality assurance procedures, replicates were analyzed for each sample. Sampling and analysis were conducted according to the Standard Methods for Examination of Water and Wastewater [14] .
Spatial Interpretation Using Geographic Information System
The base maps for generating the study maps were collected from the Soil Survey Department of the Kozhikode district. The map of Njelianparamba was digitized and various findings were spatially represented using the ArcMap 10.1 software. A GARMIN GPS was used to record the latitude and longitude of sampling points which were imported into the GIS platform. The interpolation technique, Inverse Distance Weighting (IDW) was used for the spatial modelling of the study results. IDW is an algorithm used to interpolate data spatially or estimate values between measurements. The distribution of total coliform, fecal coliform, E. coli and variations in the dissolved solids with distance from landfill site in groundwater samples of the study area are represented through interpolated GIS maps that were processed by the IDW method.
Results and Discussion
Leachate Characterisation
The results of physico-chemical analyses of the leachate samples are compared with the National standards set by Ministry of Environment and Forests, Government of India [15] in Table 1 . The pH of leachate was 5.02 to 4.54 in the pre-and post-monsoon seasons respectively, indicating the leachate is acidic in nature. The pre-and post-monsoon dissolved solids were 16300 mg/L and 14300 mg/L respectively which were considerably high than the concentration set by the Ministry of Environment and Forests, discharge standard for leachate disposal. The higher value of dissolved solids in the samples is probably due to the large concentration of cations and anions which indicated the presence of inorganic materials. The high BOD and COD indicate the high organic pollution. Leachate contained high levels of chloride that exceed the recommended standards for leachate disposal. Because chloride is inert and non-biodegradable, it can be used as an indicator of contamination [16] . High nitrate concentration is primarily due to domestic waste. The high concentration for sodium and potassium around the landfill indicate impact of leachate. While the high concentration of iron reflects dumping of metal scrap and tin. The color of leachate is dark brown which possibly originated during the oxidation of ferrous to ferric form leading to the formation of ferric hydroxide colloids and compounds with fulvic and humic substances [17] . The presence of Pb (0.23 mg/L) in the leachate sample indicate the disposal of lead batteries, chemicals for photograph processing and lead based paints at the landfill site [18] . Cu (0.35 mg/L), Zn (1.6 mg/L) and Ni (1.12 mg/L) were also present in the leachate sample. The pre-monsoon leachate samples showed higher concentration of pollutants than the post-monsoon samples which was attributed to the dilution effect of rain water.
Leachate Pollution Index
The LPI (Leachate Pollution Index) provides a proficient method for evaluating extent of leachate pollution from landfill sites. This index is a comparative and quantitative measure of leachate pollution potential that can be efficiently applied to areas prone to leachate migration and subsequent groundwater pollution. To determine the LPI, the sub-index values must be calculated based on the concentration of the leachate pollutants obtained from the sub-index curves for the pollutant variables. The weights for these parameters were calculated based on the significance levels of the individual pollutants. The p values obtained were multiplied by the respective weights assigned to each parameter to determine the LPI using the Equation (1) [19] . However, if data for all leachate pollutant variables included in LPI is not available, the LPI can be calculated using the dataset of the available leachate pollutants. In such case, the LPI can be calculated by the Equation (2) 
where m represents the number of leachate pollutant variables for available data, but in that case, m < 18 and 1 Wi < ∑ . The contamination potential of leachate can be calculated in terms of LPI. The calculated LPI of Njelianparamba dumping sites were 28.81 and 25.09 in the pre-and post-monsoon seasons respectively, as given in Table 2 . The LPI value at Njelianparamba was higher than its standard value of 7.4 which is the permissible limit for the leachate disposal set by the Municipal Solid Waste Management and Handling Rules, Government of India [15] . The LPI for the two seasons was calculated to determine the seasonal variation in the pollution. Pollution potential values reported during pre-monsoon season indicate that the leachate had polluting potential during pre-monsoon season than the post-monsoon season. Groundwater quality status was lower during the pre-monsoon season, confirming that the pre-monsoon season is more susceptible for pollution potential. The LPI values computed in this study were significantly higher than those reported for other metropolitan cities in India. The LPI value of Pune metropolitan landfill site was 24.67 in pre-monsoon and 19.04 in post-monsoon season [17] and unscientific landfill site in Banglore was 17.1 [20] . These studies concluded that LPI serves as a crucial tool for policy makers and public to identify the pollution threat from landfill. LPI of the leachate shall be treated prior to discharge to meet the leachate disposal standard.
Physico-Chemical Characteristics of Groundwater Samples
The physico-chemical composition of groundwater samples in the pre-monsoon and post-monsoon seasons was statistically analyzed and the results provided in Table 3 . 40% of the samples were acidic in nature; and the pH of the water samples varied from 4.76 to 7.68 and 4.36 to 7.13 in the pre-and post-monsoon seasons respectively. The relatively high value of EC and dissolved solids in the samples indicated the presence of inorganic material in both the seasons. The highest dissolved solids were found in the samples collected near the landfill site, indicating that free ions leached from the waste into the groundwater [21] . Of the samples collected, 70% samples had high dissolved solid levels than the limit prescribed by the Bureau of Indian Standards for drinking water [22] . Temporal changes in dissolved solids during the pre-and post-monsoon seasons are shown in Figure 2 . The higher concentration of dissolved solids during the pre-monsoon suggests that the leachate have more pollution potential during pre-monsoon season. COD is a measure of oxygen equivalent to the content of organic matter liable to oxidation with a strong chemical oxidant and thus an index of organic pollution. The concentration of COD ranged from 48 to 264 mg/L, 24 to 220 mg/L during the pre-and post-monsoon seasons respectively.
Major Anions in Groundwater
Groundwater contamination can be traced by considering excess chloride ions as an index of pollution [17] ( Kale et al. 2010 ). Higher concentrations of chlorides were observed in wells close to the dumping site (NP-1, NP-5, NP-6, NP-8, NP-9 and NP-18). The highest value was recorded in well NP-8 which is 106 m away from the site. Pollution sources such as domestic effluents, fertilizers, and septic tanks, as well as natural source such as rainfall can lead to high Cl − content in groundwater. Sulphate concentrations in the samples were found to range from 40 to 440 mg/L and 19 to 272 mg/L in the pre-and post-monsoon seasons respectively. The major sources of nitrate in groundwater include domestic sewage, runoff from agricultural fields and leachate from landfill sites. Drinking water containing more than 45 mg/L gastric carcinomas [23] [24] . The nitrate concentrations exceeded the desirable limit at three locations. Nitrate concentration in groundwater samples is attributed to dumping of organic waste at landfill site [25] .
Major Cations in Groundwater
Almost all samples contained concentration of major cations exceeding their limits. The hardness of samples was found to range from 35 to 524 mg/L and 44 to 440 mg/L in the pre-and post-monsoons, respectively. Most of the sample stations reported hardness values exceeding the maximum desirable limit of 200 mg/L prescribed by BIS. High levels of hardness may affect water supply system resulting in excessive soap consumption, calcification of arteries and cause urinary concretions, diseases of kidney bladder and stomach disorder [26] . Ca
2+
and Mg 2+ are important ions influencing total hardness. Calcium ranged from 9 to 164 mg/L with an average value of 55.71 mg/L for pre-monsoon samples and 6.8 to 164 mg/L with an average value of 47.91 mg/L for post-monsoon samples. The permissible limit of calcium ion concentration in groundwater is 75 mg/L [22] . The concentration of Mg 2+ ions ranged from 0.94 to 84 mg/L and BDL to 38.88 mg/L in the pre-and post-monsoon seasons, respectively. The permissible limit of magnesium ion in groundwater is 30 mg/L according to the BIS. Sodium ranged from 26 to 249 mg/L and 11.20 to 112 mg/L in the pre-and post-monsoon seasons, respectively. The occurrence of sodium above acceptance levels in wells closest to the landfill indicates possible leachate flow into groundwater [27] . Higher concentrations of potassium were found in well samples in the pre-monsoon than post-monsoon season.
Heavy Metals in Groundwater
The groundwater samples were analysed for Cu, Fe, Mn, Cd and Zn. Iron levels in the groundwater ranged from BDL to 0.67 mg/L and 0.52 to BDL in the pre-and post-monsoon seasons, respectively. The concentration of iron exceeded in 61% of the samples collected from the study area. Cu and Zn were found to be within the permissible limit prescribed by the BIS. The concentration of Mn exceeded the limit in the sample collected from NP-8, NP-9 and NP-18. The Cd concentrations of the sample were ranged from BDL to 0.02 mg/L and BDL to 0.004 mg/L in the pre-and post-monsoon seasons, respectively.
Spatial Distribution of Bacteria in the Groundwater Sources
The bacteriological analysis of the groundwater quality was spatially represented and analysed in the form of GIS maps. The distribution of bacteria and the distance between the well and landfill site were the two major criteria used to prepare the maps. The distribution of total coliform, fecal coliform and E. coli bacteria was represented through interpolated GIS maps that were processed by the Inverse Distance Weighting (IDW) method. As shown in Figure 3 , 39% of the total samples analyzed were contaminated with a very high count of total coliform (≥2400). Similarly, 33% of the total samples analyzed were contaminated with fecal coliform (≥2400), (Figure 4) . As shown in Figure 5 , 44% of the samples were contaminated with E. coli. All well samples were grossly contaminated with bacteria with the highest concentration being observed in wells close to the dumping site. The results also demonstrate that large amounts of organic matter were present in groundwater samples caused by leachate percolation which provided nutrients for microbial growth.
CCME Water Quality Index
The Canadian Council of Ministers of the Environment introduced an index to determine water quality (CCME WQI). This index provides a suitable method to aggregate a complex water quality data that can be understood easily by the public, policy makers, planners and water distributors [28] . CCME WQI includes three elements: scope (F1), the number of water quality variables not meeting the water quality objective; frequency (F2), the number of times, objectives are not met and amplitude (F3), the degree to which objectives are not met. The CCME WQI is calculated using the Equation (3)
The factor of 1.732 has been introduced to scale the index from 0 to 100, where zero signifies very poor water quality and values close to 100 signify excellent water quality. The water quality is ranked in the following five categories shown below. A WQI map was created using the CCME WQI classification to understand the groundwater quality. 
Spatial Distribution of CCME WQI in the Groundwater Sources
The overall water quality in the study area was represented using CCME WQI. CCME WQI of the study area was calculated in the pre-and post-monsoon seasons. According to CCME WQI, six sampling sites (NP-1, NP-5, NP-6, NP-8, NP-9 and NP-18) showed poor WQI values. All the six sites were located 200 m from the dumpsite. Additionally, eight sites showed marginal water quality and four stations showed fair water quality. A CCME WQI map was created using the CCME WQI classification to understand the groundwater quality in the study area. Figure 6 explains the three classes of water quality in the study area. GIS-based spatial analysis techniques have been shown to be a powerful tool to represent water quality assessed by CCME WQI values. Analysis using this method suggests that the majority of the sites in this study area falls had poor and marginal category. The spatial distribution map clearly showed that portions of the study area close to the landfill had poor groundwater quality. Figure 6 represents the spatial distribution of CCME WQI in groundwater.
Impact of Distance from Landfill on Solid Waste Leachate
The spatial variation of the dissolved solids in groundwater samples and distances from the landfill to the study area were represented using Geographic Information System. Samples were collected spatially at different distances from the landfill site. These two criteria were used to determine the groundwater quality at the sampling Figure 6 . Spatial distribution of CCME WQI in Njelianparamba.
sites with proximity to the landfill. Figure 7 represents the variation of Total Dissolved Solids (TDS) with distance from the landfill site. The total sampling sites were grouped into three buffer zones based on the TDS concentration. Buffer zone I, which contained most of the sampling sites, corresponds to the distance of 0 -200 m from the landfill. Sites in zone I included; NP-1 to NP-9, NP-12, NP-14, NP-15 and NP-18. The TDS values of these sites were high, indicating that the water is unfit for any use. Zone II was 200 to 300 m from the landfill site. Although it is not as hazardous as Zone I, use of water from these sites is not recommended. Zone III consisted of 300 -500 m from the landfill.
Groundwater samples from this zone had low TDS. The zonation map showed that the sampling sites within zone I and II contain more soluble salts in groundwater and cannot be used for any purpose. As shown in Figure 7 , samples from wells situated close to the landfill site were found to be more heavily contaminated than those located far away. These findings indicate that the gravitational movement of the leachate is hindered by the mass of the soil matter. Over increasing time, the viscous fluid may penetrate deeper and spread all over a longer distance.
Correlation Analysis
Correlation analysis is a descriptive technique to assess the degree of association among variables. Statistical package for Social Sciences (SPSS version 19.0) was used for correlation analysis. In this study, Pearson correlation coefficients were determined for various water quality parameters. Table 4 shows the Pearson's correlation matrix between the two parameters (TDS and chloride) and their well depth and distance from the landfill site. Chloride is a useful tracer of groundwater contamination (Mor et al. 2006) and TDS is a valuable index of total ions in samples. Strong negative correlations (−0.863 and −0.733) were obtained for the concentrations of TDS and chloride respectively with their distance from the landfill site. The significant negative correlation for TDS with distance from the dumpsite shows that the concentration of contaminants in groundwater normally decreases with increasing distance from pollution. A moderately high negative correlation was obtained for TDS and chloride with well depth, which also indicated that the concentration of contaminants in groundwater samples decreased with increasing depth. Correlation analysis confirmed that groundwater quality improved with increases in well depth and the distance of the well from the pollution source.
Conclusion
The impact of landfills leachate on the surrounding groundwater quality in Njelianparamba, India is a major environmental concern of the area. In this study, physico-chemical and bacteriological parameters of leachate and groundwater samples collected in and around the landfill site were analysed. The results showed that the wells in close proximity to the landfill (NP-5, NP-6, NP-8, NP-9 and NP-18) were most affected by leachate percolation. Spatial distribution of groundwater quality parameters was measured by GIS. LPI and WQI in the study were applied to assess the overall quality of the leachate and groundwater. This method appears to be more systematic and provides a comparative evaluation of the quality of sampling sites. The LPI value at Njelianparamba for both the seasons exceeded the standard LPI of 7.4 proposed for leachate disposal. CCME WQI map was also generated using the same technique to understand the water potability spatially. The CCME WQI indicted that majority of the study area had poor and marginal water quality. However, the quality improved with increase in distance of the well from the pollution source. The majority of the parameters showed an inverse relationship between concentration and distance. The results of this study indicated that the Njelianparamba municipal dumping site was prone to groundwater contamination through leaching. Because dumping is a continuous process, without proper treatment facilities, groundwater in the surrounding area will gradually become more adversely by this activity.
